NMDA and kisspeptins can stimulate gonadotropin-releasing hormone (GnRH) release after peripheral or central administration in mice. To determine whether these agonists act independently or through a common pathway, we have examined their ability to stimulate GnRH/luteinizing hormone (LH) release after peripheral or central administration in Kiss1-or Gpr54 (Kiss1r)-null mutant mice. Peripheral injection of NMDA failed to stimulate GnRH/LH release in prepubertal or gonadally intact mutant male mice. Dual-labeling experiments indicated a direct activation of Kiss1-expressing neurons in the arcuate nucleus. In contrast, central injection of NMDA into the lateral ventricle increased plasma LH levels in both Kiss1 and Gpr54 mutant male mice similar to the responses in wild-type mice. Central injection of NMDA stimulated c-Fos expression throughout the hypothalamus but not in GnRH neurons, suggesting an action at the nerve terminals only. In contrast, kisspeptin-10 stimulated LH release after both central and peripheral injection but induced c-Fos expression in GnRH neurons only after central administration. Finally, central injection of NMDA induces c-Fos expression in catecholamine-and nitric oxide-producing neurons in the hypothalamus of mutant mice, indicating a possible kisspeptin-independent GnRH/LH release by NMDA through activation of these neurons. Thus, NMDA may act at both GnRH cell bodies (kisspeptin-independent) and nerve terminals (kisspeptin-dependent) in a dual way to participate in the GnRH/LH secretion in the male mouse.
Introduction
The development of normal reproductive function in mammals requires pulsatile secretion of gonadotropin-releasing hormone (GnRH) from the hypothalamus. GnRH stimulates the release of the pituitary gonadotropins [luteinizing hormone (LH) and follicle-stimulating hormone] that regulate normal gonadal activity. GnRH release is influenced by several factors, including sex steroids, growth factors, neurotransmitters, and neuropeptides (Herbison, 2006) . One of the most potent stimulators of GnRH release is the kisspeptins (Kp), encoded by the Kiss1 gene. Kisspeptins are a family of overlapping peptides ranging from 54 aa (Kp54, also known as metastin) to 10 aa (Kp10) in length (Kotani et al., 2001; Muir et al., 2001; Ohtaki et al., 2001 ). Kisspeptins mediate their biological activities through the G-protein-coupled receptor GPR54 (also known as KISS1R), which is expressed by GnRH neurons (Irwig et al., 2004; Messager et al., 2005; Navarro et al., 2005) . The majority of GnRH neurons respond electrophysiologically to Kp10 (Han et al., 2005) as well as show c-Fos expression after intracerebral injection of Kp52 (Irwig et al., 2004) . Both peripheral and central injection of Kp induce a robust and sustained GnRH/LH release in most species Navarro et al., 2004; Dhillo et al., 2005; Messager et al., 2005; Navarro et al., 2005; Shahab et al., 2005) . Mice with a targeted disruption of either Gpr54 (Funes et al., 2003; Seminara et al., 2003; Dungan et al., 2007; Kauffman et al., 2007; Lapatto et al., 2007) or Kiss1 (d'Anglemont de Tassigny et al., 2007b; Lapatto et al., 2007) are sterile with absence of sexual maturation at puberty as a result of defective GnRH release.
Another important stimulator of GnRH release is the neurotransmitter glutamate (Olney et al., 1976; Ondo et al., 1976) with an increase in glutaminergic signaling in the hypothalamus at puberty (Parent et al., 2005) . The NMDA receptor is a glutamate receptor subtype that is required for GnRH secretion in rodents (Bourguignon et al., 1989) and primates (Plant et al., 1989; Claypool et al., 2000) . Although GnRH neurons express NMDA receptor subunit 1 mRNA (Ottem et al., 2002) , there is little evidence of a direct action of NMDA on GnRH neurons, consistent with the absence of c-Fos induction in GnRH cells after NMDA treatment (Saitoh et al., 1991; Lee et al., 1993) . These data suggest that NMDA may not stimulate GnRH neurons directly but that its actions may be mediated through other pathways. We hypothesized that kisspeptin signaling through GPR54 may convey the NMDA signal to GnRH neurons. To test this hypothesis, we have undertaken a series of whole-animal investigations using Kiss1-and Gpr54-null mice. First, we examined whether Kp sig-naling is essential for NMDA-induced GnRH/LH release after peripheral or central injection. Second, we evaluated the possible action of NMDA on kisspeptin neurons in the arcuate nucleus (Arc). Third, we investigated the effect of central injection of NMDA on catecholamine-and nitric oxide (NO)-producing hypothalamic neurons to provide additional information on the kisspeptin-independent action of NMDA on LH release.
Materials and Methods

Animals
Experiments were undertaken on prepubertal (24 -26 d old) or adult (2-3 months old) male 129S6/SvEv Gpr54-null (Seminara et al., 2003) and Kiss1-null (d'Anglemont de Tassigny et al., 2007b) mice and their wild-type siblings. Mice were housed under a 12 h light/dark schedule (lights on at 6:30 A.M.) with ad libitum access to food and water. Genotypes were determined by PCR as reported previously (Seminara et al., 2003; d'Anglemont de Tassigny et al., 2007b) . All animal procedures were performed under authority of a United Kingdom Home Office Project License and were approved by the Cambridge Animal Ethics Committee. amide; M-2816] and NMDA (M-3262) were purchased from Sigma-Aldrich. Rabbit polyclonal anti-GnRH antibody was a generous gift from Prof. G. Tramu (University of Bordeaux 1, Talence, France) (Beauvillain and Tramu, 1980) provided by Dr V. Prevot (Inserm Unit 837, Lille, France). Rabbit polyclonal anti c-Fos (SC-52) was purchased from Santa Cruz Biotechnology and used on mouse tissue (Clarkson et al., 2008) . Rabbit polyclonal anti-neuronal nitric oxide synthase (nNOS) (61-7000; Invitrogen) and anti-tyrosine hydroxylase (TH) (BA-152; Millipore Bioscience Research Reagents) were tested previously on mouse tissue (Horger et al., 1998; Page et al., 2009 ). Secondary goat anti-rabbit biotin-conjugated (BA-1000), anti-rabbit peroxidase-conjugated (PI-1000), and Vectastain ABC kit (PK-4000) were purchased from Vector Laboratories.
Drugs and antibodies
Peripheral injection protocol
Prepubertal mice. Four to six animals (24 -26 d old) of each genotype (Kiss1-null, Gpr54-null, or wild-type) received a single intraperitoneal injection of 100 l of 2 mmol of NMDA in PBS or PBS only. Mice were killed by CO 2 exposure 10 min after injection. Blood was collected in a heparinized syringe from the inferior vena cava and centrifuged at 10,000 ϫ g for 10 min at 4°C. The plasma supernatant samples were collected and stored at Ϫ20°C until assayed.
Adult mice. Three to nine animals (2-3 months old) per genotype and per treatment were used in these experiments. Each animal received a single intraperitoneal injection of 100 l of PBS with 2 mmol of NMDA, 1 nmol of Kp10, or PBS only. One hundred microliters of blood from a tail vein was collected 10 min after injection. Blood was processed as for prepubertal animals, and plasma supernatant samples were stored at Ϫ20°C until assayed. Two hours after injection, mice were deeply anesthetized with pentobarbital and intracardially perfused with 20 ml of 4% paraformaldehyde in PBS, pH 7.4. Brains were removed and incubated for 1 h in the same fixative and placed in PBS for sectioning.
Central injection protocols
Four to nine adult mice were used per genotype and per treatment group. Animals were anesthetized with isoflurane/O 2 and placed on a stereotaxic frame (David Kopf Instruments) on a heat pad at 37°C to maintain a normal body temperature. A tail vein blood sample of 100 l was collected before surgery from which 50 l of plasma was obtained and kept at Ϫ20°C. Each genotype received one single intracerebroventricular 2 l injection of 7 nmol of NMDA, 1 nmol of Kp10, or PBS only by using a 30 gauge Hamilton syringe. The stereotaxic coordinates for the injection site in the lateral ventricle were Ϫ0.9 mm anteroposterior and 1.4 mm lateral to the bregma and 2.0 mm from the skull surface according to the Paxinos Mouse brain atlas (Franklin and Paxinos, 2001 ). Animals were kept in place until a second tail vein blood collection of 100 l 10 min after injection. Then, animals were kept under anesthesia in a separate warmed box with isoflurane/O 2 until perfusion. Mice were finally perfused 2 h after injection with 4% paraformaldehyde solution under deep anesthesia with pentobarbital, and the brain was processed as described above.
In a second series of intracerebroventricular injection experiments investigating the neuronal population responsive to NMDA, four animals per genotype and per treatment group were injected with either PBS or NMDA in the same experimental conditions as described above with the only difference that no blood was collected.
Luteinizing hormone assay
Plasma LH was assayed using an ELISA (Endocrine Technologies) with a sensitivity of 0.3 ng/ml and 7% intra-assay and 10% interassay coefficients of variation. Plasma samples from vena cava were assayed in duplicate, but samples from tail vein bleeds were assayed in simplicate because of a limited sample volume.
Immunocytochemistry
Free-floating, dual-label chromogen immunocytochemistry was undertaken as reported previously (Wintermantel et al., 2006; Clarkson et al., 2008) . Brains were cut as 40 m free-floating coronal sections using a vibratome (VT1000S; Leica). Sections containing GnRH neurons were taken from the region of the medial septum through to the caudal hypothalamus. Sections were treated with 3% hydrogen peroxide for 10 min to quench endogenous peroxidase activity and then washed in Trisbuffered saline (TBS) (0.5 M Tris and 0.15 M sodium chloride, pH 7.6). For the first immunolabeling, sections were incubated for 16 h at 4°C with a primary rabbit polyclonal antisera directed against c-Fos at 1:1000 in TBS containing 0.3% Triton X-100 (TBS-T) and 5% normal goat serum. Sections were then incubated with biotinylated anti-rabbit IgG at 1:500 in TBS-T with 5% normal goat serum for 1 h at room temperature. After subsequent washing in TBS, the sections were incubated in Vectastain ABC avidin-peroxidase (Vector Laboratories) at 1:100 in TBS-T for 1 h at room temperature. Immunoreactivity was revealed using glucose-oxidase, nickel-enhanced diaminobenzidine hydrochloride (DAB) that resulted in a black precipitate within the nucleus of the labeled cell. For the second immunolabeling, sections were washed in 3% hydrogen peroxide to quench any remaining peroxidase, washed in TBS, and then incubated with polyclonal rabbit anti-GnRH (1:3000), anti-nNOS (1: 250), or anti-TH (1:1000) in TBS-T containing 5% goat serum for 16 h at 4°C. Sections were then incubated in peroxidase-labeled anti-rabbit IgG (1:500) in TBS-T with 5% normal goat serum for 1 h at room temperature. Immunoreactivity was revealed using glucose-oxidase, DAB without nickel to generate a brown precipitate within the cytoplasm. Brain sections were mounted on slides, dehydrated, and coverslipped with DPX (44581; Sigma-Aldrich).
5-Bromo-4-chloro-3-indolyl-␤-D-galactosidase histochemistry and c-Fos immunocytochemistry
Free-floating sections of 40 m thickness were performed as described above in a 1:3 series. A set of sections containing the arcuate nucleus were washed in TBS and placed in 2% 5-bromo-4-chloro-3-indolyl-␤-Dgalactosidase (X-gal) solution [2 mM MgCl 2 , 4 mM K 3 Fe(CN) 6 , 4 mM K 4 Fe(CN) 6 , and 4 mg/ml X-gal] overnight at room temperature. After TBS washes, sections were treated with 3% hydrogen peroxide for 10 min, washed in TBS, and then incubated for 16 h at 4°C with rabbit anti-c-Fos (1:1000) in TBS-T plus 5% normal goat serum. Sections were then incubated in peroxidase-labeled anti-rabbit IgG (1:500) in TBS-T plus 5% normal goat serum for 1 h at room temperature. After TBS washes, immunoreactivity was revealed using glucose-oxidase and DAB that resulted in a brown precipitate within the nucleus. Brain sections were mounted on slides and coverslipped using an aqueous mountant Hydromount (HS-106; National Diagnostics).
neurons. The examiner was not aware of the genotype and treatment at the time of counting. For GnRH/c-Fos dual labeling, all sections with GnRH neurons were counted. GnRH neuron subpopulations were separated into two (Herbison et al., 2010) : the medial septum plus the diagonal band of Broca (DBB), i.e., the most anterior and caudal GnRH neurons; and the vascular organ of the lamina terminalis (OVLT) plus the rostral preoptic area (POA), which is the most ventral and posterior GnRH neurons, corresponding to plates 22-30 of the Mouse Brain Atlas (Franklin and Paxinos, 2001) . For TH/c-Fos and nNOS/c-Fos dual labeling, one of three sections were stained. For TH, the regions of the anteroventral paraventricular nucleus (AVPV) and periventricular nucleus (PeN) were analyzed. For nNOS, the following regions were considered: AVPV, median preoptic nucleus (MnPO), medial preoptic nucleus (MPO), medial septal nucleus (MS), and OVLT. One section at each of these regions was analyzed.
Statistics
The differences between several groups were analyzed by one-way ANOVA, followed with Student-Newman-Keuls multiple comparison test for unequal replication. The comparison between two groups was subjected to an unpaired t test.
Plasma LH values measured before intracerebroventricular injection were not entered in statistical tests because of the very low values, often under the detection limit of the ELISA, for both genotypes.
Results
Peripheral NMDA injection requires both kisspeptin and GPR54 to stimulate LH release in gonadally intact adult male mice The aim of this first series of experiments was to investigate the stimulating effect of NMDA on LH release in adult male mice lacking the Kiss1 or Gpr54 gene expression. As described previously (Mahesh and Brann, 2005) , NMDA is a potent stimulator of LH release via activation of GnRH neurons. Intraperitoneal injection of NMDA in wild-type male mice induced LH release (3.33 Ϯ 0.44 ng/ml) compared with PBS injection (undetectable in the assay) ( Fig. 1 A) . LH release was not observed in mutant male mice of either genotype (values were below the detection limit of the assay). In contrast, in Kiss1-null mice, intraperitoneal injection of Kp10 induced a robust LH release (4.60 Ϯ 0.83 ng/ ml) compared with PBS ( Fig. 1 A) . Kp10 induced a lower LH release in wild-type (1.49 Ϯ 0.48 ng/ml) than in the Kiss1 mutants ( p Ͻ 0.01) or other wild-type mice treated with NMDA ( p Ͻ 0.01). As expected, Kp10 intraperitoneal injection showed no effect on LH release in Gpr54-null mice (Fig. 1 A) .
Dual-label immunocytochemistry for GnRH and c-Fos in NMDA-treated adult male mice showed absence of c-Fos staining in GnRH cells after peripheral NMDA injection (Fig. 1C) . GnRH neurons also did not express c-Fos after peripheral Kp10 injection in wild-type and Kiss1-null mice (Fig. 1C ), although these groups positively responded to Kp10 stimulation by releasing LH (Fig. 1 A) .
These data show that the kisspeptin/GPR54 pathway is required for the NMDA-induced LH release when NMDA is in- jected peripherally into adult male mice. These data also indicate that peripherally injected NMDA or Kp10 do not stimulate c-Fos expression within GnRH neurons even when LH release is observed.
Peripheral NMDA injection requires both kisspeptin and GPR54 to stimulate LH release in prepubertal male mice The failure of peripheral injection of NMDA to stimulate LH release in mutant mice could be attributed to the low testosterone levels found in the mutant animals (Seminara et al., 2003; d'Anglemont de Tassigny et al., 2007b) . In this experiment, we used prepubertal males to investigate the plasma LH response to NMDA between Kiss1-null, Gpr54-null, and wildtype males, all having low testosterone levels (Selmanoff et al., 1977) . Intraperitoneal injection of NMDA in wild-type mice induced LH release (1.19 Ϯ 0.16 ng/ ml, n ϭ 6), whereas LH levels were below the detection limit of 0.3 ng/ml in both NMDA-treated mutants (n ϭ 4 -5) and PBS-treated mice (n ϭ 5-6) ( Fig. 1 B) . These data indicate that the absence of LH release in prepubertal mutant mice in response to peripheral NMDA stimulation is attributable to the absence of the GPR54/kisspeptin pathway rather than low sex steroid levels.
Peripheral NMDA injection induces c-Fos expression in kisspeptin neurons in intact adult male mice
To further explore the action of NMDA on LH release, we performed immunocytochemistry for c-Fos coupled with X-gal histochemistry, which was used as a marker for the Kiss1 gene expression, because it is difficult to visualize the kisspeptin cell bodies with normal immunocytochemistry. Therefore, we used Kiss1-null adult male mice in which the LacZ reporter gene allows Kiss1 neuron visualization by X-gal staining (d'Anglemont de Tassigny et al., 2007b) . The blue X-gal reaction product is found predominantly as one or two dot-like structures within the cytoplasm of the expressing cells as observed previously by others and us (Friedrich et al., 1993; Herbison et al., 2010) (Fig. 2 A) . A blind test showed no difference ( p ϭ 0.44) between PBS (39.2 Ϯ 3.7) and NMDA (42.8 Ϯ 2.6) peripheral injections in the average number of X-gal dots per section of the Arc (Fig. 2 B) . Kisspeptin neurons with c-Fos expression were identified by the presence of one or more X-gal dots with a visible contact with a c-Fos immunopositive nucleus in a same focus plane. Quantitative analysis of X-gal-positive dots with c-Fos contact showed a significantly ( p ϭ 0.0025) higher percentage of X-gal-positive cells with c-Fos with NMDA (31.9 Ϯ 4.8%) compared with PBS (5.6 Ϯ 2.0%) (Fig. 2C) . These results suggest that NMDA induces LH release partly via kisspeptin neurons activation in the arcuate nucleus.
Differences in c-Fos induction in the hypothalamus between central and peripheral NMDA administration
It is not clear to what extent NMDA can cross the blood-brain barrier (BBB) after peripheral injection. c-Fos activation in the Arc region but not the OVLT/POA regions after peripheral NMDA injection suggests limited access to some hypothalamic nuclei by this route of administration. To overcome this issue, NMDA, Kp10, or PBS were injected directly into the lateral ventricle to ensure broad diffusion into the circumventricular regions. After central NMDA injection, we observed c-Fos-immunoreactive cells in the following hypothalamic regions surrounding the third ventricle (Fig. 3J-L) : anterodorsal preoptic nucleus, Arc, AVPV, lateral preoptic nucleus, MnPO, medial preoptic area (MPA), MPO, OVLT, and PeN. The Arc was the only hypothalamic region clearly showing high c-Fos immunoreactivity after peripheral NMDA injection compared with PBS injection (Fig. 3C,F ) . These data indicate that NMDA stimulates a larger population of hypothalamic cells after central injection compared with peripheral injection. NMDA can potentially reach the GnRH neurons when injected centrally but not after peripheral injection.
Central injection of NMDA provokes LH release but no c-Fos expression in GnRH neurons in both wild-type and mutant mice The ability of NMDA to activate GnRH neurons and generate LH release was evaluated in Kiss1-null and Gpr54-null adult male mice along with their wild-type littermates. Plasma LH was measured before and 10 min after central injection. Kp10 was used as a control for c-Fos activation in GnRH neurons.
In wild-type animals, plasma LH was significantly higher ( p Ͻ 0.01) after NMDA injection (3.24 Ϯ 0.50 ng/ml, n ϭ 9) compared with PBS injection (0.93 Ϯ 0.35 ng/ml, n ϭ 7) (Fig. 4 A) . Plasma LH from Kiss1-null mice was significantly higher ( p Ͻ 0.001) after NMDA injection (5.68 Ϯ 0.84 ng/ml, n ϭ 5) compared with PBS-treated Kiss1-null mice (0.38 Ϯ 0.24, n ϭ 4). Plasma LH from Gpr54-null mice was also significantly higher ( p Ͻ 0.05) after NMDA treatment (2.66 Ϯ 0.64 ng/ml, n ϭ 8) compared with the same genotype after PBS injection (0.45 Ϯ 0.17 ng/ml, n ϭ 7). A comparison test between the different genotypes showed that, after NMDA injection, the LH levels were significantly higher in Kiss1-null mice compared with either wild-type or Gpr54-null mice ( p Ͻ 0.05) (Fig. 4 A) .
The percentage of GnRH cells with c-Fos immunoreactivity was calculated in two different regions: the MS/DBB and the OVLT/POA. Because we uncovered two main areas of Gpr54 gene expression in postnatal GnRH neurons (Herbison et al., 2010) , we separated these two topographically defined subpopulations of GnRH neurons (Herbison, 2006) to discriminate any difference that might occur. We found that the number of duallabeled c-Fos plus GnRH neurons was low in both NMDAtreated (Fig. 5 B, E,H ) and PBS-treated (Fig. 5 A, D,G) animals. The quantification showed no significant difference between NMDA-treated and PBS-treated animals in wild-type or Kiss1-null mice in the two GnRH neuron subpopulations (Fig. 6) . However, we observed a significantly higher ( p Ͻ 0.05) percentage of GnRH neurons with c-Fos in PBS treated Gpr54 mutant mice compared with NMDA in the OVLT/POA subpopulation only (Fig. 6 ).
Central injection of Kp10 provokes LH release associated with c-Fos expression in GnRH neurons in both wild-type and Kiss1-null mice
We used Kp10 to assess whether our protocol for intracerebroventricular injection was appropriate to provoke c-Fos expression in GnRH neurons. Kp10 was injected centrally at a dose of 1 nmol similar to that used by others to induce GnRH neuron activation associated with LH release (Navarro et al., 2005) .
In wild-type animals, the average plasma LH was significantly higher ( p Ͻ 0.05) after Kp10 injection (3.26 Ϯ 0.77 ng/ml, n ϭ 7) than after PBS (0.93 Ϯ 0.35 ng/ml, n ϭ 7) (Fig. 4 B) . Plasma LH from Kp10-stimulated Kiss1-null mice (6.51 Ϯ 0.67 ng/ml, n ϭ 5) was significantly higher ( p Ͻ 0.001) than Kiss1-null mice treated with PBS (0.38 Ϯ 0.24 ng/ml, n ϭ 4). As expected, Gpr54-null mice showed no LH secretion after central injection of Kp10 ( p ϭ 0.200). In these experiments, the values before injection were not used for statistical analysis because they were below the detection limits in any of the treatment groups.
Kp10 induced significant c-Fos expression in GnRH neurons in both wild-type mice (27.3 Ϯ 3.4% in MS/DBB, p Ͻ 0.001; 47.7 Ϯ 2.6% in OVLT/POA, p Ͻ 0.001) and Kiss1-null mice (41.3 Ϯ 8.5% in MS/DBB, p Ͻ 0.01; 51.3 Ϯ 7.8% in OVLT/POA, p Ͻ 0.001) compared with PBS treatment (3.6 Ϯ 1.3 and 5.1 Ϯ 1.9%, respectively, in MS/DBB; 2.8 Ϯ 0.9 and 5.2 Ϯ 3.4%, respectively, in OVLT/POA). In the MS/DBB, the percentage of GnRH neurons with c-Fos immunoreactivity (0) and 10 min after PBS (Ϫ) or Kp10 (ϩ) intracerebroventricular injection. *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001, 10 min after PBS vs 10 min after NMDA or Kp10 in same genotype (unpaired t test), or 10 min after either NMDA or Kp10 between the three genotypes (one-way ANOVA, followed with Student-Newman-Keuls test). Numbers in brackets indicate animal number used in each condition.
after Kp10 injection was significantly higher ( p Ͻ 0.01) in Kiss1-null mice than wild-type animals (Fig. 6) . Kp10 failed to induce c-Fos expression in Gpr54-null mice (3.2 Ϯ 1.5% in MS/ DBB and 4.0 Ϯ 1.4% in OVLT/POA vs 3.3 Ϯ 1.2 and 2.3 Ϯ 0.6%, respectively, in PBS animals) (Fig. 6) . Thus, Kp10-treated Kiss1-null mice ( p Ͻ 0.001 for both MS/DBB and OVLT/POA) and wild-type mice ( p Ͻ 0.01 for MS/DBB, p Ͻ 0.001 for OVLT/POA) had higher percentage of GnRH neurons with c-Fos immunoreactivity than Gpr54-null mice.
Central injection of NMDA induces c-Fos expression in catecholaminergic and nitric oxidergic neurons in both wild-type and mutant mice
To explore the kisspeptin-independent action of NMDA on LH release, we performed intracerebroventricular injections of NMDA in the three genotypes and evaluated the activation of two hypothalamic neuronal populations that are classical candidates in GnRH neuron regulation: catecholamine and NO-containing neurons (Mahesh and Brann, 2005; Herbison, 2006) . We used the same strategy as in previous experiments, consisting of dual labeling for c-Fos and the enzymes catalyzing the production of catecholamines: TH or NO, namely nNOS. Immunostaining revealed populations of TH neurons in the hypothalamus mainly in the Arc, PeN, and AVPV. We considered only the PeN and AVPV regions for quantification because the effect of NMDA in the Arc requires kisspeptin signaling to stimulate LH release, as shown in previous results in the present study. Dual-labeling immunocytochemistry for c-Fos and TH showed a significant increase ( p Ͻ 0.001) of the percentage of TH neurons with c-Fos in wild-type, Gpr54-null, and Kiss1-null mice after NMDA intracerebroventricular injection (59.5 Ϯ 5.8, 58.6 Ϯ 9.1, and 74.5 Ϯ 1.5%, respectively) compared with PBS (4.2 Ϯ 1.0, 5.5 Ϯ 0.8, and 7.5 Ϯ 1.4%, respectively) ( Fig. 7 A, B) .
nNOS neurons are widespread in the hypothalamus with higher density in the AVPV, MnPO, MPO, MS, and OVLT. We counted one field at 20ϫ magnification for each region and grouped the values to obtain an average percentage of nNOS with c-Fos per animal. The percentage of nNOS plus c-Fos neurons in wild-type, Gpr54-null, and Kiss1-null mice after NMDA intracerebroventricular injection (48.2 Ϯ 7.5, 59.0 Ϯ 3.0, and 53.2 Ϯ 2.7%, respectively) was significantly higher ( p Ͻ 0.001) than PBS (5.8 Ϯ 1.0, 10.6 Ϯ 1.8, and 14.3 Ϯ 4.4%, respectively) (Fig. 7C,D) .
These data show a potent action of centrally injected NMDA to stimulate hypothalamic catecholaminergic and nitric oxidergic neurons in the absence of Kiss1 or Gpr54 gene expression. 
Discussion
We report here a dual effect of NMDA on LH release in mutant mice lacking the Kp/GPR54 signaling pathway. NMDA failed to stimulate LH release in both adult and prepubertal male Kiss1-and Gpr54-null mice when administered peripherally, whereas LH release occurred in wild-type mice. Peripheral administration of NMDA induced activation of Kiss1 neurons as shown by our X-gal/c-Fos dual labeling. In contrast, centrally injected NMDA potently stimulated LH release in mutant mice but did not cause significant c-Fos expression in GnRH neurons. In contrast, central injection of Kp10 in wild-type and Kiss1-null mice activated c-Fos in GnRH neurons. However, central injection of NMDA induced c-Fos expression in catecholamine-and nitric oxidesynthesizing neurons. This suggests a Kp-independent pathway through the activation and release of other modulators of GnRH neurons. These data indicate an essential role for Kp signaling in peripheral NMDA-induced LH release. This essential role is not required for central NMDA action, which successfully induced LH release in mutant mice.
In this study, plasma LH was used as an indicator for GnRH neuronal activation and release. Whereas the presence of GPR54 has been reported in the pituitary gland (Richard et al., 2008) , the effects of Kp and NMDA are likely to be upstream of the pituitary because GnRH receptor antagonists prevent both NMDA and Kp stimulation of LH release (Cicero et al., 1988; Gottsch et al., 2004; Navarro et al., 2005) .
In our first set of experiments, mutant male mice failed to respond to peripheral NMDA stimulation, whereas wild-type mice released LH. This lack of a response to NMDA was independent of pubertal development stage, regardless of low or high testosterone levels (Selmanoff et al., 1977) . Peripheral NMDA requires a functional Kp signaling pathway to stimulate LH release. c-Fos staining indicated that peripheral injection of NMDA can only access neurons in the Arc in which a population of Kp neurons is found in normal male mice Clarkson et al., 2009) . The detection of Kp cell bodies in the Arc is difficult because of the very dense Kp fiber plexus observed by immunocytochemistry (Clarkson et al., 2009) . To investigate the action of NMDA on kisspeptin neurons, we used the properties of our transgenic mice in which ␤-galactosidase is targeted to Kiss1-expressing cells. Although the dot-like X-gal staining did not allow whole-cytoplasm visualization, it was sufficiently clear to observe X-gal-positive neurons with c-Fos staining after peripheral NMDA administration. This suggests direct stimulation of Kiss1 neurons by NMDA (Fig. 8A) . To our knowledge, no research team has investigated the expression of the NMDA receptor in Kp neurons. There is little evidence that NMDA can act directly at the GnRH nerve terminals in the median eminence (ME) because NMDA receptor-1 mRNA is expressed by GnRH neurons (Ottem et al., 2002) . However, data from cultured hypothalamic explant suggest that NMDA action on GnRH secretion takes place in the preoptic area region rather than at the median eminence in which the GnRH nerve terminals project (Bourguignon et al., 1997) . We suggest that both NMDA and Kp can act at the ME. The simplest mechanism suggested by our present study is NMDA stimulation of Kp neurons, which then release Kp to trigger GnRH secretion, leading to increased plasma LH. This scenario is supported by the presence of Kp fibers in the ME (Decourt et al., 2008; Ramaswamy et al., 2008) , and Kp is also released in a pulsatile manner in the stalk-median eminence region of female rhesus monkeys (Keen et al., 2008) . We have demonstrated previously that Kp can directly stimulate GnRH secretion from mouse mediobasal hypothalamus explants that contain GnRH nerve terminals but lack GnRH cell bodies (d 'Anglemont de Tassigny et al., 2008) . However, there is no direct evidence yet of a direct action of Kp at GnRH nerve terminals, although GnRH neurons express Gpr54 in the mouse (Messager et al., 2005; Herbison et al., 2010) . We cannot exclude some modulating effect of Kp on other inputs to GnRH neurons, such as dopamine or neuropeptide Y neurons (Herbison, 2006) . Here, the Kiss1-null mice responded to NMDA stimulation, at least in the kisspeptin neurons, as shown by the X-gal/c-Fos staining. Therefore, it is unlikely that the absence of NMDA-induced LH release in Kiss1 and Gpr54 mutant mice comes from dysfunction of the NMDA receptor.
In contrast to peripheral administration, central injection of NMDA in Kiss1-and Gpr54-null mice stimulated LH release. The key difference between peripheral and central administration was the larger cell population stimulated by NMDA. The NMDA receptor is widely expressed in the rodent hypothalamus (Bhat et al., 1995; d'Anglemont de Tassigny et al., 2007a) . After central NMDA injection, all periventricular hypothalamic nuclei showed c-Fos-positive staining, including regions with GnRH cell bodies, but the GnRH neurons themselves did not show staining. This lack of c-Fos induction in GnRH neuron after NMDA injection has been reported by others (Saitoh et al., 1991; Lee et al., 1993) . The absence of c-Fos in GnRH neurons combined with robust LH release after central NMDA stimulation in mutant mice suggests an intermediary signaling pathway (Fig. 8 B) .
A multitude of brain cells are responsible for controlling GnRH release into the pituitary portal circulation (Herbison, 2006) . We investigated the effect of central NMDA administration on two neuronal populations known to participate in GnRH neuron activation. Catecholamine-and NO-synthesizing neurons in the hypothalamus are both activated by NMDA in normal and kisspeptin signaling-deprived mice. Catecholamine derivates, such as norepinephrine (NE) and dopamine, modulate GnRH release (Negro-Vilar et al., 1979) . The action of NMDA on cathecholaminergic neurons may therefore participate in the Kpindependent activation of GnRH/LH release. However, recent findings have shown that NE suppresses GnRH neuron excitability in the adult mouse (Han and Herbison, 2008) and force a reanalysis of existing models explaining the effects of NE on gonadotropin secretion. Moreover, NMDA receptors have been demonstrated in the brainstem in which catecholamine neurons, which project to the hypothalamus, could play a role in mediating the NMDA effects on GnRH release (Urbanski et al., 1997 ). This population of nonhypothalamic neurons has not been investigated in the present study.
The gaseous neurotransmitter NO has also been suggested to mediate the effects of glutamate on GnRH neurons (Mahesh and Brann, 2005) . Nitric oxide synthase-containing neurons surround GnRH cell bodies (Herbison et al., 1996) and coexpress NMDA receptor subunits in the rat (Bhat et al., 1995; d'Anglemont de Tassigny et al., 2007a) . Moreover, glutamateinduced GnRH release can be blocked by a competitive inhibitor of NO or by NO scavenger molecules (Rettori et al., 1994) . We show here that NMDA stimulates nNOS-containing neurons in Kiss1 and Gpr54 mutant mice by the same extent as in wild-type animals. Thus, NO synthesis may also contribute to Kp-independent central action of NMDA on GnRH neurons. However, the sole presence of c-Fos in nNOS neurons after NMDA does not prove an effective synthesis of NO. Comparative studies assessing the levels of NO after NMDA stimulation in the different genotypes would reinforce our observations. Studies in the rat have shown that pretreatment with L-NAME (N--nitro-L-arginine methyl ester, a nitric oxide synthase antagonist) does not abrogate Kp10-induced LH release (Navarro et al., 2005) . In addition, pretreatment with the NMDA receptor antagonist MK-801 [(ϩ)-5-methyl-10,11-dihydro-5H-dibenzo [a,d] cyclohepten-5,10-imine maleate] also failed to stop Kp10-induced LH release (Navarro et al., 2005) . Additional studies are needed to fully understand the interrelationship between NO and kisspeptin in the regulation of GnRH/LH release.
It has been recognized that neurons may require a strong stimulus to activate c-Fos expression (Dragunow and Faull, 1989) , suggesting that NMDA may not sufficiently induce c-Fos expression to be detectable by immunocytochemistry despite cell body stimulation. Considering the high dose of intracerebroventricular NMDA used in our experiments and the large density of c-Fos-positive hypothalamic cells after NMDA injection, we as- This may result in production of the diffusible gas NO and the release of catecholamines (CAT), which might stimulate GnRH release. Question mark denotes an undetermined mechanism. NMDAR, NMDA receptor.
sume that a strong stimulus was applied. However, NO can activate c-Fos expression within 30 min (Hemish et al., 2003) .
We noted a higher LH response after central injection of NMDA or Kp in Kiss1-null mice than in wild-type mice. The reason for this is not known. A higher percentage of GnRH neurons with c-Fos in the MS/DBB subpopulation in Kiss1 mutants was correlated to the higher LH release in these mice. However, peripheral Kp10 also induced higher LH release in Kiss1-null mice. A larger pool of GnRH at nerve terminals, a hypersensitivity of the gonadotrophs to GnRH involving a higher density of GnRH receptors, or a higher LH content within gonadotrophs may account for the higher LH release in Kiss1 mutants. These two later possibilities may be tested by priming the animals with GnRH before administering Kp or NMDA. A presynaptic high GnRH concentration in mutant mice has been observed in Gpr54-null hypothalamic explants (d'Anglemont de .
The BBB restricts and regulates the flux of substrates between the circulation and the CNS. Therefore, peripheral Kp10 and NMDA may act only on brain regions outside of the BBB, such as the median eminence. The ability of Kp10 to cross the BBB remains to be proven. The uptake of glutamate from the blood circulation is limited by the BBB. Glutamate flux from plasma into brain is mediated by a high-affinity transport system at the BBB, and restricted passage is also observed for several excitatory glutamate analogs (Smith, 2000) . Although NMDA can disrupt the BBB permeability (Brace et al., 1997) , whether NMDA itself crosses the BBB is an open question, but it is clear that the route of administration affects its penetration into the brain and thus its effect on the GnRH system. In summary, this comparative study allowed discrimination between two modes of action of NMDA. A global hypothalamic Kp-independent action revealed by central administration, and a region restricted Kp-dependent action at the Arc revealed by peripheral administration (Fig. 8) . NMDA stimulates Kiss1-expressing neurons in the Arc to induce LH release. In more rostral hypothalamic regions, NMDA stimulates other brain cells, such as catecholamine-and NO-producing neurons that may mediate its action on the GnRH neurons. The present results extend our knowledge on the physiological role of Kp/ GPR54 signaling and raise a new level of complexity in the GnRH network.
